As a continuation of a previous study on Niigata-Fukushima heavy rainfall (HR), results from numerical experiments of Fukui HR, which also occurred in July 2004, are presented. As in the previous study, Fukui HR is discussed with an emphasis on the importance of latent instability. It is shown that although Fukui HR is not simulated with global analysis (GANAL) data of JMA, slight modification of the moisture field gives rise to rainfall patterns which are somewhat similar to those indicated by Radar-AMeDAS data. The structure of the convective system is discussed, and it is suggested that the so-called back-building mechanism played an important role in Fukui HR, which occurred under the upper-level westerly jet and the strong low-level vertical shear.
Introduction
In the previous study (Yamasaki 2007) , numerical experiments of Niigata-Fukushima HR in July 2004, which was studied by Kato and Aranami (2005) , were performed. It was suggested that convective instability 1 was not released, and the importance of latent instability (buoyancy of rising air, or CAPE) was emphasized. In addition, impact of the initial moisture field was examined. The global analysis data of JMA did not give any latently unstable area, although its existence was strongly suggested by observed rainfall and satellite data. Slight increase in low-level water vapor mixing ratio at the initial time contributed to better simulation of the rainfall patterns.
This study describes the results from numerical experiments of Fukui HR, which occurred in a few days after Niigata-Fukushima HR. This case was also studied by Kato and Aranami (2005) . In contrast to Niigata-Fukushima HR, numerical simulation of Fukui HR was not good. They suggested that the initial wind field, which was uncertain because of sparse observations, might be responsible for this. The present study aims to better simulate Fukui HR by modifying the initial low-level moisture field, as in Yamasaki (2007) , although the possibility of uncertain wind field still remains to be discussed.
It is well known that HRs associated with the Baiu front are caused by persistent inflow of lowlevel air with high equivalent potential temperature. This inflow is brought by southwesterly flow 1 Convective instability is a term which indicates an instability released by ascent and saturation of air with considerable horizontal extent and depth when the equivalent potential temperature decreases with increasing height. When one discusses the importance of convective instability, it means that convective clouds are not formed by latent instability, but by ascent of air in the conditionally unstable saturated atmosphere. That is, latent instability can be important only when convective instability is not released.
in the periphery of a subtropical high in many cases. In cases of Niigata-Fukushima HR and Fukui HR, it appears that westerly flow associated with the north-south gradient of pressure over the southern portion of the Japan Sea also contributed to the HRs. The westerly flow and southwesterly flow continued to supply low-level air with high equivalent potential temperature, and latent instability was maintained for a long time in the HR areas. Another feature is that a belt of strong winds extended from the southwest, and the strongest winds were located around (just to the west of) an area of strong convective activity, which caused the HRs later. The most significant difference between Fukui HR and Niigata-Fukushima HR is that the latter was closely accompanied by a meso-α-scale low at the early stage of the HR, whereas the former occurred in a frontal area which was far (about 1,000 km) to the south of a synopticscale low, and any distinct low was not observed in the frontal area. Some features of Fukui HR will be described, together with important aspects of the initial field which may be responsible for its unsatisfactory simulation.
Model
In order to simulate the HR, use of a model that can resolve cumulus convection with a horizontal grid size of 100 m~1 km may be the best way. However, if we can use a coarser grid size such as 5 km, we can study this problem efficiently. As shown by the previous studies (Yamasaki 2002 (Yamasaki , 2005 (Yamasaki , 2007 , use of a mesoscale-convectionresolving model (MCRM) can validate the use of such a coarse grid. The present study also uses the MCRM. The detail of the model is found in Yamasaki (2002) . The ice phase is not taken into account. The horizontal grid size (1/18 degrees, about 5 km) in the fine-mesh area of the triplynested grid, and the three grid areas are taken to be the same as those in Yamasaki (2007) .
Features of the initial field
The initial field is adopted from global analysis (GANAL) data of JMA. The initial time is taken to be 12 UTC (21 JST), 17 July, as done by Kato and Aranami (2005) . In numerical studies of observed phenomena, it is important to describe the features of the initial field used for the numerical experiment. The sea-level pressure and the wind speed at the height of 750 m (above the ground) are shown in the upper panels of Fig. 1 . A Baiu front is indicated by the red line. It is seen that the Baiu front extends from the Korea peninsula to the Pacific Ocean to the east of Kanto district, passing just through the north of Noto peninsula (37.5N, 137E). The front between 130E and 138E is located at an area with north-south gradient of pressure, where westerly flow prevails. Any pressure center is not found in the frontal area. A synopticscale low is located about 1,000 km to the north of the front. A subtropical high extends westward in an area to the south of 30N. (The front is moving southward slowly at the initial time.)
The wind speed distribution indicates that a belt of relatively strong winds (more than 10 m s -1 ) extends from the East China Sea, and a maximum wind speed (20 m s -1 ) can be seen just to the westnorthwest of Fukui district, which is located around (36N, 136.5E) (indicated by F). It can be inferred that the strong winds have been produced by convective activity, which will be shown later (Fig. 4) .
Latent instability should be responsible for convective activity in Fukui HR as well as NiigataFukushima HR. Therefore, it is important to examine the distribution of latent instability (buoyancy of rising air). The distributions of B, a measure of buoyancy that rising air acquires at 700 hPa and at 820 hPa, are shown in the middle panels of Fig. 1 , where B is defined as the difference between the equivalent potential temperature θ e at 925 hPa and the saturated value of θ e at each level. GANAL data indicate that positive buoyancy is found in some portions of the frontal area. The strongest buoyancy is located just to the south of the front, and around and just to the west of Fukui district. Another notable feature is that an area to the north of the front is not very stable unlike the case of Niigata-Fukushima HR where a meso-α-scale low existed. Some portions are even latently unstable, although whether this feature was really observed is not clear. Another feature is that an area (to the south of 34N) somewhat far from the front is latently stable, although θ e in the boundary layer in this area is very high, which is shown in the lowest right panel. The relative humidity at 900 hPa is shown in the lowest left panel. This distribution is similar to that of B at 700 hPa as far as the present case is concerned. A very dry and latently stable area is seen over the Pacific Ocean to the south of Kanto and Tokai districts.
Specification of numerical experiments
Two numerical experiments are performed. In case 1, GANAL data is used as the initial condition. In case 2, the initial moisture field is slightly modified. That is, the mixing ratio of water vapor is increased in an area indicated by the white ellipse in the right panel of Fig. 2 , which shows water vapor mixing ratio at 900 hPa in cases 1 and 2. The positive anomaly is added to simulate Fukui HR to some extent. The anomaly is centered at (36.5N, 132.0E) (indicated by X) with a maximum anomaly of 1.0 g kg -1 at 900 and 950 hPa, and 0.5 g kg -1 at 820 and 980 hPa. The moisture fields in both cases indicate an important feature that a moist belt extends from the west to the east around 34-37N, just to the south of the Baiu front.
The corresponding distributions of B at 700 hPa and 820 hPa in case 2 are shown in Fig. 3 . Compared with case 1 (Fig. 1) , latent instability is somewhat stronger to the west of Fukui district, as expected. Some researchers may argue that it is quite artificial (not reasonable) to modify the moisture field given by GANAL data. The author considers that the modification of water vapor mixing ratio with a maximum of only 1 g kg -1 is within a reasonable range because the accuracy of GANAL data is uncertain, and observations are too sparce (with respect to both space and time) to determine the actual moisture field. It should also be remarked that the objective analysis data have not been determined with special attention on reasonable distribution of buoyancy (latent instability). It is difficult to determine which is closer to the actual moisture field. In view of weak rainfall and its short duration in case 1 (Fig. 6 ), it appears to be one of reasonable means to increase the initial water vapor amount. wind speed at a height of 750 m (m s -1 ), a measure of buoyancy (K) that rising air acquires at 700 hPa and 820 hPa, relative humidity (%) at 900 hPa and equivalent potential temperature (K) at 925 hPa at the initial time. The location of Fukui district is indicated by F in the upper panels. Fig. 2 . Water vapor mixing ratio (g kg -1 ) at 900 hPa used in case 1 (original case) and case 2. The white ellipse indicates an area where mixing ratio of water vapor is taken to be larger than in the original case. Fig. 3 . A measure of buoyancy that rising air acquires at 700 hPa and 820 hPa in case 2.
Obser ved rainfall
Observed one-hour rainfall amount (rainfall intensity) from Radar-AMeDAS data of JMA is shown at an interval of 2 hours in Figs. 4 and 5. At the initial time (Fig. 4) , four rainfall systems are found. System F contributes to Fukui HR, as shown in Fig. 5 . Systems A1 and A2 disappear at 4 hours and 8 hours after the initial time, respectively. System B moves southward slowly, and it is still seen at 12 hours. It is important to remark that system F is formed in the western portion of the large convective system which has a westeast scale of about 1,000 km. Satellite images (not shown) identify the whole system, but not the individual systems F, A1, A2 and B. Fukui HR takes place after 2 hours. The belt of intense rainfall is oriented in the westnorthwest-eastsoutheast direction. The intense rainfall is maintained nearly in the same area for more than 10 hours, causing localized HR. Since the western portion of the rainfall is nearly stagnant despite strong westerly flow (about 10 m s -1 at low levels), and scattered rainfalls are found to its west, it is suggested that the so-called back-building mechanism plays an important role. Figure 5 also suggests that weak rainfall system F1, which appears to be separated from system F, moves eastward.
Results from numerical experiments
The rainfall intensity in cases 1 and 2 is shown in Fig. 6 , where instantaneous intensity or lowlevel rainwater mixing ratio are shown. Since the MCRM does not treat cumulus convection explicitly but intends to resolve only mesoscale organized convection, one-hour accumulated rainfall patterns are not very different from those shown in this figure. It is clearly seen that the predicted rainfall over the Japan Sea off San-in district at 2 hours, and the rainfall in Fukui district (136-137E) afterwards in case 2 are more similar to observations than in case 1. It is noteworthy that the rainfall belt (rainband), which extends in the direction of east~eastsoutheast, is maintained until 12 hours in case 2, although the rainfall is weak and the observed location and orientation of the rainfall belt are not simulated to a satisfactory extent.
The most notable disagreement with observations is that rainfall systems A2 and B, which are observed at 2 and 4 hours in the northern Kanto and Niigata districts and over the Pacific Ocean to the east of Kanto district, are not simulated. The location of the rainfall system indicated by the blue ellipse at 8~12 hours is close to that of systems B and F1 in Fig. 5 . However, this system F2 is separated from the system located at Fukui district, and moves eastward. In this respect, F2 appears to correspond to observed system F1. However, F2 is too strong compared with the observed system. This can be attributed to the shortcoming of the numerical experiment in which system B is not simulated. Other numerical experiments indicate that systems A2 and B cannot be simulated for any reasonable range of modification of the moisture field. The distributions of a measure of buoyancy B at 700 hPa in case 2 are shown in Fig. 7. (Qualitatively, the distribution in case 1 is similar to that shown in this figure, although buoyancy is slightly weaker.) Comparison with Fig. 3 indicates that latent instability (buoyancy) which is related to rainfall system F is intensified by upward motion until 2 hours. The large positive buoyancy causes Fukui HR. The buoyancy becomes smaller as time goes on. Simulated rainfall also becomes weaker, although the observed rainfall is most intense at 10~12 hours.
As for rainfall systems A2 and B, it appears that the initial buoyancy field in an area indicated by the black ellipse in the upper left panel is not appropriately given. In addition, it is strongly suggested that the initial wind field, which is closely related to vertical motion, is also responsible for the inappropriately calculated rainfall distribution. Since rainfall systems A2 and B affect Fukui HR, solution of this dynamical problem should also be important in simulation of Fukui HR, and remains to be studied.
In order to understand the mechanism of the convective system which causes Fukui HR, the vertical structure of the convective system and the environmental field at 6 hours is shown in Fig. 8 . The left panels show the along-band cross section (red line in Fig. 6 ). The cloud water field (middle panel) is characterized by three regimes (indicated by two blue lines). In the western portion, the grid-resolved field is not saturated, and convective clouds exist as the subgrid-scale. In the eastern portion, the grid-resolved field is saturated, and the cloud is stratiform. In the middle portion between them, subgrid-scale cloud water exists, and the grid-resolved field is saturated.
The rainwater field (upper panel) indicates that two strong rainwater cores exist at 6 hours. As shown in Fig. 6 , the eastern core is separated from the system afterwards, and it continues to move eastward. Although this separation is similar to observations (Fig. 5) , the rainfall is too strong (Fig.  6 ) probably because rainfall system B is not simulated, as was mentioned. It is suggested that the convective system is produced by the so-called back-building mechanism in which new convective cells form successively on the upstream side (western side) of the system. This feature observed in Niigata HR in 1998 was simulated by Kato and Goda (2001) . As shown in Fig. 6 , the western portion of the major convective system is nearly stagnant despite the low-level westerly flow with wind speeds of 10 m s -1 or more. This feature of stagnancy is a result of the formation of convective cells 2 due to the back-building mechanism. As mentioned before, this feature is also suggested from Fig. 5 . It is well known that this feature can be seen in convective systems embedded in the environmental wind field in which vertical shear exists in a deep layer, with intense low-level shear (not jet-type profile). The along-band wind speed in Fig. 8 clearly shows such a feature of the environmental wind field. It should also be noted that the initial wind field has been modified by the convective system. That is, low-level westerly flow is weakened in the strong convective area, and on its downstream (eastern) side.
The right panels for the cross-band cross section (blue line in Fig. 6 ) indicate that a westerly jet is located around 200 hPa above the convective system and that weak southerly flow prevails at low-levels, and a very small area of low-level northerly flow is seen inside the convective system. Low-level horizontal convergence is due to the along-band component more than the cross-band component of the wind.
As shown in Fig. 6 , the calculated rainfall in Fukui district becomes weaker after 7 or 8 hours. 2 It should be remarked that the MCRM predicts the mixing ratios of cloud water and rainwater of the subgrid-scale (cumulus-convection-scale) as well as the grid-resolved. As for several transverse rainfalls to the west of Fukui district (136E) in Figs. 6 and 8, it is an indication that the back-building process takes place, although the transverse rainfalls are too long primarily because of the initial dynamical imbalance and somewhat drier air near the surface. This is due to decrease of equivalent potential temperature θ e in the boundary layer (about 3K at 925 hPa), which is responsible for weakening of buoyancy at 700 hPa and its vanishing at 400 hPa. (The temperatures at these levels do not rise significantly by convection, and do not fall by northwesterly flow.) The vanishing of buoyancy at 400 hPa means that such deep convective cells as shown in Fig. 8 cannot be formed.
For readers who may be interested in 3-hour and/or 6-hour accumulated rainfall amounts (ARA), the 6-hour ARA from 6 hours to 12 hours in case 1 and case 2 is shown in Fig. 9 . The distribution of the 3-hour ARA (e.g., 7-10 hours) is similar to that shown in this figure except that the former is nearly half of the latter. According to Fig. 3 of Kato and Aranami (2005) , the 3-hour ARA (9-12 hours) from Radar-AMeDAS data exceeds 50 mm (and even 100 mm) in a somewhat wide area. (It appears that the 3-hour ARA suggested from Fig. 5 is significantly smaller.) The predicted 6-hour ARA exceeds only 30 mm (or 40 mm) in small areas even in case 2. On the contrary, the ARA in the easternmost portion of the figure is excessively predicted probably because convective system B (Fig. 5) is not simulated, as mentioned before. This figure also indicates that weak rainfalls are seen to the west of Fukui district. This is consistent with observations shown in Fig. 5 .
Some readers may argue that it is not useful to discuss the mechanism of Fukui HR simply because the calculated field does not simulate Fukui HR. The author does not agree with such an argument. Compared with the case described by Kato and Aranami (2005) , which suggested the importance of convective instability and the initial wind field, even case 1 appears to give somewhat better simulation of Fukui HR, although direct comparison cannot be made. In addition, several important aspects for understanding of Fukui HR are described in this note. Although Fukui HR is not still well simulated in case 2, the calculated field appears to represent essential aspects of Fukui HR qualitatively. The calculated field is not so bad to the extent that the mechanism of Fukui HR cannot be discussed. In a study of the type in which one wants to understand the essence of the observed phenomena, the quantitative differences between predicted intensity and location of rainfall and the observed are not necessarily essential in view of uncertain initial condition. The description in this note should be useful for better understanding and simulation in the future because this study provides several important problems to understand Fukui HR, and it can be considered as a useful step toward satisfactory understanding.
Concluding remarks
In contrast to the importance of convective instability, which was suggested by Kato and Aranami (2005) , this study is made on the almost unquestionable premise that latent instability played an essential role in Fukui HR (as well as Niigata-Fukushima HR), as in the previous study (Yamasaki 2007) . The results from the numerical experiments are consistent with this in that convective instability is not released in cases 1 and 2. It is shown that slight modification of the water vapor field provided by GANAL data gives rise to rainfall patterns which are somewhat similar to observations. This modification is necessary for the understanding of the mechanism of Fukui HR, although the uncertain initial wind field as suggested by Kato and Aranami (2005) remains to be studied. It is suggested that the mechanism of the so-called back-building associated with westerly shear flow played an important role in the maintenance and stagnancy of the rainband. Fukui HR occured under the upper-level westerly jet. The relative location (as well as unclear low-level jet) is somewhat different from that usually observed (Ninomiya et al. 1980) .
The shortcoming of numerical simulation of Fukui HR, particularly at the later stage, can be attributed to the inflow of low-level air which has lower θ e . Further modification of the initial moisture field will contribute to better simulation of the HR. Numerical simulation of another HR event with modification of the initial moisture field was made by Kato et al. (2003) . It is desirable that the importance of the persistence of low-level inflow of air with high θ e is discussed in terms of persistence of latent instability. It should also be remarked that drier mid-tropospheric air does not appear to be favorable to convective activity in many cases. As is well known, the most typical exception is found for convective systems of the squall-line type under an environmental flow having the jettype profile. In this case, drier air in the lower troposphere (2~4 km heights) can play an important role. The importance of the drier air in the middle troposphere in the Baiu front case was discussed by Kato and Aranami (2005) and Kato (2006) . In cases of Fukui HR and Niigata-Fukushima HR, it appears that the drier air acted to suppress convective activity through entrainment into the rising air, although its effect may be small.
As the next step of this study, a study for better understanding of the back-building process is being made, with the use of a cumulus-convectionresolving model (1-km grid), with an interest in the role of the environmental shear flow and the effect of north-south asymmetry of the latently unstable area.
